Background: Murine Nramp is a candidate for the macrophage resistance gene ItylLsh/Bcg. Sequence
INTRODUCTION
The gene encoding the natural resistance-associated macrophage protein, Nramp, was identified as a candidate for the murine macrophage resistance gene Ity/Lsh/Bcg based (a) on its macrophage-restricted expression and (b) on the presence of a common mutation in all susceptible mouse strains (1, 2) . The deduced amino acid sequence encodes a polytopic integral membrane NADPH oxidase complex (4) . Exons 1, 2, and 3 also introduce three additional protein kinase C (PKC) phosphorylation sites (3) .
In mice, Ity/Lsh/Bcg regulates the activation of macrophages for nitric oxide (NO)-mediated antimicrobial activity against intracellular pathogens, and exerts a range of pleiotropic effects in vitro (reviewed in [5] [6] [7] [8] [9] [10] including regulation of the following: KC, IL-1i and inducible NO synthase (iNOS) mRNA; surface MHC class II, 5' nucleotidase and AcM. 1 antigen expression; and TNFa release, oxidative burst, and tumouricidal activity. In vivo, the gene has a dramatic effect (reviewed in Ref. 5 ) on early T cell-independent regulation of Salmonella typhimurium, Leishmania donovani, and mycobacterial infections (Mycobacterium bovis; M. lepraemurium; and M. intracellulare), as well as on the later development of an interferon-y generating CD4-positive T cell response (11) . These in vivo effects presumably reflect synergy between the many pleiotropic effects of the gene on macrophage function. Hence, although human macrophages do not appear to use iNOS-generated NO for antimicrobial activity (12) , a human homolog (NRAMP) for murine Nramp might nevertheless play a role in regulating macrophage priming/activation and hence be important in any disease involving defective macrophage function. To facilitate the search for human disease associations with NRAMP, this paper presents an analysis of the sequence and genomic organization of the human NRAMP gene and includes identification of a promoter region polymorphism which might be important in regulating NRAMP expression.
MATERIALS AND METHODS
Genomic Sequencing of NRAMP A human yeast artificial chromosome (YAC) AMIl/D3/14, obtained by screening the ICRF (13) library with a VIL1 probe (14) and containing the entire human NRAMP sequence (15) , was sublconed into AEMBL3 (Stratagene Ltd., Cambridge, U.K.) and screened with the fulllength murine Nramp cDNA A8.1 (3) . Two overlapping clones, X3 and AB. 1, containing the fulllength NRAMP sequence, were digested with PstI, sublconed into pBluescript II SK (Stratagene Ltd.), and re-screened with the full-length murine cDNA probe (3) . Exon-positive clones were selected for sequence analysis, with gaps being filled by sequencing fragments prepared by PCR between identified exons. Exons were identified by comparison of human genomic sequence with mouse (1, 3) or human cDNA sequences. Human cDNA sequence was obtained by reverse transcription (RT) and PCR amplification of RNA prepared from the human monocyte-derived THP1 cell line (16) . Where However, we propose that like the murine macrophage form (3), the more proximal initiation codon will be utilized. This is reinforced by the striking (100%) sequence conservation for residues [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] (Fig.  1) , indicating a requirement for the maintenance of sequence for function. The discrepancy in size between murine (548) and human (550) genes results from the inclusion of three additional residues within exon 2 causing a PTS duplication, with the nonduplicated form representing a rare variant in Brazilian (15) and British (unpublished data) pedigrees. In addition, the human gene exhibits a single amino acid deletion relative to the mouse within the poorly conserved last exon. Overall amino acid identity with murine Nramp was 86% (92% with conserved substitutions). Exons exhibiting highest sequence identity (100%) include exons 4, 6, and 7, with exon 11 displaying 98% identity. These exons encode TM1, the first extracellular domain, TM2 and TM3, and the conserved transport motif. It is of interest that TM2, containing the murine susceptibility-associated mutation (1,2) is well conserved, suggesting that this domain plays an important functional role which cannot tolerate amino acid substitutions. NRAMP was aligned with murine Nramp and with the two yeast mi- exonl3lexonl4 atively charged residues found in the susceptible allele of mice. As before (3, 15) , matches with other proteins (Fig. 2) The transcription start site is located 148 bp 5' of the ATG initiation codon, as indicated. Putative promoter region elements identified by inspection (indicated above the sequence) include a possible Z-DNA forming dinucleotide repeat t(gt)5ac(gt)5ac(gt)9g; 6 interferon-y response elements; three W-elements; one API site; three NFKB binding sites; and nine purine-rich GGAA core motifs (two on the antisense strand) for the myeloid-specific PU.1 transcription factor, two of which combine with imperfect API-like sites to create PEA-3 consensus motifs. Strings of heat shock transcription factor (HSTF) motifs (NGAAN or NTTCN) also occur across the 440 bp sequence (not marked).
data (15) (33) , and others may be found. Our major interest in analyzing the human NRAMP gene was to provide the basis to screening multicase families for mycobacterial (tuberculosis and leprosy) and leishmanial infections. As a first step, we examined a small group of visceral leishmaniasis patients and their unaffected siblings to see whether a mutation similar to the murine susceptibility-associated mutation (1,2) could be found. As might have been predicted, exon 6 encoding the second membrane spanning domain is highly conserved between murine and human sequences, as well as with the yeast genes, suggesting that this is a functionally important domain. No mutations were found within this region in the 19 human samples examined by direct cycle sequencing. Similarly, a polymorphic variant identified by us ( 15) in the putative SH3 binding domain occurred at very low frequency, suggesting that this too might be a region of the macrophage-expressed NRAMP molecule which, although recently acquired in evolutionary terms, may be critical to its function and intolerant to nonconservative substitutions.
The 440 bp of promoter region sequence identified here is of particular interest with respect to macrophage-restricted expression of the NRAMP gene, and provides a different approach to analyzing polymorphisms which might influ- (31, 34, 35) . Although earlier studies (1, 3) suggest that murine Nramp is constitutively expressed in macrophages, the inducible promoter region elements identified in the human sequence suggest that expression may be regulated by macrophage priming/activation stimuli. In particular, interferon-y and W-elements are common to other genes (e.g., MHC class II, [25] ; Fc-yRI [26] ; iNOS [36] ) inducible in macrophages. API and NFKB sites also occur in the promoter regions of other macrophage-expressed proteins (e.g., tissue factor [27] ; iNOS [36] ) and are required for LPS and TNF inducibility, API acting to stabilise and maintain NFKB activity (27) . Given Ref. 23) . It was particularly intriguing that a polymorphism in this repeat unit was observed in human genomic DNA samples. The fact that the putative Z-DNA forming repeat is flanked on either side by other promoter region response elements suggests that this polymorphism may be functionally important in determining gene expression, if not on the basis of its own role as a transcriptional regulator, at least because it will influence the juxtaposition of other response elements. The level of heterozygosity (0.476) in the Brazilian population studied here made this a useful marker for genetic linkage analysis between NRAMP and other 2q markers. However, the number of alleles was small compared with other repeat (e.g., microsatellite) polymorphisms, suggesting that the generation of further polymorphic variants across this repeat may not be tolerated in evolutionary terms. This polymorphism may therefore be of functional relevance in further analysis of the association between NRAMP and disease. Our own analysis of association between NRAMP and leprosy, TB, or visceral leishmaniasis in the Brazilian population from which linkage data was derived is in progress. Such studies will also need to take account of mutations/polymorphisms across coding region sequences. The data provided in this study will provide some of the tools required for further functional and genetic analysis of diseases in humans involving defective macrophage function.
